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Polo-like kinase 4 (PLK4) is a serine/threonine kinase regulating
centriole duplication. CFI-400945 is a highly selective PLK4 inhibitor
that deregulates centriole duplication, causing mitotic defects and
death of aneuploid cancers. Prior work was substantially extended
by showing CFI-400945 causes polyploidy, growth inhibition, and
apoptotic death of murine and human lung cancer cells, despite
expression of mutated KRAS or p53. Analysis of DNA content by
propidium iodide (PI) staining revealed cells with >4N DNA content
(polyploidy) markedly increased after CFI-400945 treatment. Centro-
some numbers and mitotic spindles were scored. CFI-400945 treat-
ment produced supernumerary centrosomes and mitotic defects in
lung cancer cells. In vivo antineoplastic activity of CFI-400945 was
established in mice with syngeneic lung cancer xenografts. Lung
tumor growth was significantly inhibited at well-tolerated dosages.
Phosphohistone H3 staining of resected lung cancers following CFI-
400945 treatment confirmed the presence of aberrant mitosis.
PLK4 expression profiles in human lung cancers were explored using
The Cancer Genome Atlas (TCGA) and RNA in situ hybridization (RNA
ISH) of microarrays containing normal and malignant lung tissues.
PLK4 expression was significantly higher in the malignant versus
normal lung and conferred an unfavorable survival (P < 0.05). In-
triguingly, cyclin dependent kinase 2 (CDK2) antagonism cooperated
with PLK4 inhibition. Taken together, PLK4 inhibition alone or as part
of a combination regimen is a promising way to combat lung cancer.
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Lung cancer is the leading cause of cancer-related mortality world-
wide (1–4). Even with current treatments, the 5-y survival rate of

lung cancer is only about 17% (1–4). Given this, there is a pressing
need for innovative ways to address this major public health problem.
Polo-like kinase 4 (PLK4) is a polo-like kinase family member

of the serine/threonine kinases that plays a critical role in regu-
lating centriole duplication (5–8). PLK4 is overexpressed in breast
cancers, and this is associated with poor clinical prognosis (9–11).
A similar expression profile is found in brain tumors and certain
pediatric tumors (12–14). PLK4 deregulation alters centriole du-
plication and causes aberrant numbers of centrosomes in cells (5–
7). PLK4 depletion arrests centriole duplication; in contrast,
PLK4 overexpression generates excessive centrioles and promotes
centrosome amplification (5–7, 15, 16). These altered centrosome
numbers can lead to asymmetric chromosome segregation at mi-
tosis (17–20). While these actions could confer a proliferative
advantage to some cell populations (19, 21–25), it often triggers
cell death after chromosome missegregation and mitotic defects
(26, 27). Indeed, depletion of PLK4 by RNAi hinders centriole
duplication and causes death of breast cancer cells in vitro and
inhibits breast cancer xenograft growth in vivo (28).
CFI-400945 is a potent and selective small-molecule inhibitor of

PLK4 that is undergoing phase I clinical trial testing (NCT01954316)

(28–30). The IC50 of CFI-400945 against PLK4 is 0.6 nM, which is
a higher magnitude by at least two orders than those against other
kinases, including other PLK family members (31). Notably, CFI-
400945 has a bimodal effect on centriole number, based on its
concentration. In the presence of low CFI-400945 concentrations,
PLK4 activity is inhibited partially and PLK4 by this is not suffi-
ciently autophosphorylated for its degradation (28). However,
PLK4 retains the ability to phosphorylate its substrate (28). This
results in increased PLK4 levels and centriole overduplication. At
higher concentrations, CFI-400945 inhibits PLK4 activity fully and
blocks centriole duplication (28). Both concentrations of CFI-
400945 treatment cause aberrant centrosome numbers; this leads
to mitotic catastrophe, cell-cycle arrest, as well as cell death (28).
Notably, CFI-400945 elicited antineoplastic effects in breast

cancer cells through aberrant centriole duplication and abnormal
mitosis (28). This marked antitumor activity was confirmed in vivo
using breast cancer xenograft models, and treatment dosages were
well-tolerated (28). CFI-400945 treatment reduced tumor growth
and increased survival of studied human pancreatic cancer xeno-
graft models (32).
These encouraging antineoplastic findings prompted us to ex-

plore the consequences of CFI-400945 treatment in lung cancer.

Significance

Despite current treatments, lung cancers remain a major public
health problem. Innovative ways are needed to treat or prevent
these cancers. Centrosomes are critical for fidelity of mitosis. Ab-
normal centrosome numbers can cause aberrant mitosis and cell
death. Polo-like kinase 4 (PLK4) regulates centriole duplication,
and its deregulation alters centrosome number and mitosis. The
potent PLK4 inhibitor CFI-400945 is reported here to exert marked
antineoplastic effects against lung cancers. CDK2 inhibition also
deregulates mitosis and was found to cooperate with PLK4 an-
tagonism. CFI-400945 is now undergoing phase I clinical trial
testing (NCT01954316). Taken together, targeting PLK4 for in-
hibition holds promise in lung cancer therapy either as a single
agent or when combined with an agent that deregulates mitosis.
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In this study, effects of CFI-400945 on proliferation, apoptosis,
DNA content, centrosome number, and mitosis were compre-
hensively interrogated using well-characterized murine and human
lung cancer cells. In vivo antineoplastic effects of CFI-400945 were
then systematically analyzed using a clinically relevant syngeneic
murine lung cancer xenograft model. In addition, clinical conse-
quences of PLK4 expression profiles were independently assessed
in human lung cancers using The Cancer Genome Atlas (TCGA)
and by RNA in situ hybridization (RNA ISH) of lung cancer ar-
rays. Finally, the combination of CFI-400945 with CDK2 inhibi-
tion, which triggers multipolar anaphase catastrophe in lung
cancer cells (33), was interrogated as a potential regimen to co-
operatively reduce tumorigenicity. Taken together, the findings
presented here indicate that PLK4 inhibition holds promise to
combat lung cancers in the clinic.

Results
Effects of CFI-400945 in Lung Cancer Cells. To study antineoplastic
effects of CFI-400945 in lung cancer cells, cell proliferative re-
sponses to CFI-400945 treatments versus vehicle controls were
first examined in genetically defined murine (ED1, LKR13, and
393P) and independently in human (H1299, Hop62, and A549)
lung cancer cell lines. CFI-400945 markedly decreased cell pro-
liferation in a dose- and time-dependent manner at nanomolar
levels (Fig. 1A). Growth of C10 murine immortalized pulmonary
epithelial cells and BEAS-2B human immortalized bronchial
epithelial cells were substantially reduced by CFI-400945 treat-
ments, but these effects were less evident than detected in lung
cancer cells (Fig. 1A). Growth-inhibitory effects were indepen-
dently confirmed in a panel of 20 lung cancer cell lines (SI Ap-
pendix, Fig. S1). No association was observed between the
presence of common genetic alterations such as KRAS mutation
and response to CFI-400945 treatment (SI Appendix, Fig. S2).
Apoptosis induction after CFI-400945 treatment was next ex-

amined in lung cancer cells. CFI-400945 readily induced apoptosis
at concentrations of 20 nM or higher in murine (ED1, LKR13,
and 393P) and human (H1299, Hop62, and A549) lung cancer
cells (Fig. 1B). C10 murine immortalized pulmonary epithelial
cells and BEAS-2B human immortalized bronchial epithelial cells
were also affected but less so than were corresponding lung cancer
cell lines (Fig. 1B).
Washout of CFI-400945 after treatment of lung cancer cells

revealed growth inhibition by CFI-400945 was only partially re-
versed (Fig. 1C). This indicated an irreversible mechanism was
engaged in these antineoplastic effects of CFI-400945 in lung
cancer cells. Studies were next conducted to uncover the engaged
mechanism.

Polyploidy and CFI-400945 Treatment. CFI-400945 effects on DNA
content in lung cancer cells were determined by propidium io-
dide (PI) staining using flow cytometry. Representative histo-
grams after flow cytometry analysis appear in Fig. 2A. CFI-
400945 treatment increased cellular populations having >4N
DNA content (polyploidy) in murine (ED1, LKR13, and 393P)
and human (H1299, Hop62, and A549) lung cancer cells (Fig.
2B). This finding indicated cell mitotic defects and continued
DNA replication occurred after CFI-400945 treatment of these
cells. The increase in polyploid cells was less evident in C10
murine immortalized pulmonary epithelial cells and BEAS-2B
human immortalized bronchial epithelial cells (Fig. 2B).

Supernumerary Centrosomes and CFI-400945 Treatment. Centro-
some number and mitotic status were scored after CFI-400945 or
vehicle treatments by staining indicated cells with γ-tubulin,
α-tubulin, or DAPI. Representative cell images are displayed in
Fig. 3A. As expected, CFI-400945 treatment caused both aber-
rant centrosome number and altered mitosis. Cell populations
with supernumerary centrosomes and multipolar spindles were

increased in murine (ED1, LKR13, and 393P) and human (H1299,
Hop62, and A549) lung cancer cells following CFI-400945 treat-
ment (Fig. 3B). The average numbers of centrosomes per cell after
treatments are shown in Fig. 3C. At concentrations higher than
50 nM, the ability of CFI-400945 to augment supernumerary
centrosomes decreased (Fig. 3 B and C). This is likely due to a
bimodal effect of CFI-400945 treatment on centrosome number
where low CFI-400945 concentrations increased PLK4 activity
through inhibition of PLK4 autophosphorylation that confers its
degradation (28). This led to centriole overduplication. In contrast,
high CFI-40945 concentrations inhibited PLK4 activity more fully
and blocked centriole duplication.
Notably, cell populations with clustered centrosomes were not

appreciably affected by CFI-400945 treatment (SI Appendix, Fig.
S3). This indicated that supernumerary centrosomes after CFI-
400945 treatment likely resulted from de novo centrosome pro-
duction rather than from inhibition of clustering of supernumerary
centrosomes that already existed. Engineered gain of expression of
CP110, a centrosome protein engaged in centrosome clustering
(34, 35), did not rescue CFI-400945 antiproliferative effects in
examined lung cancer cells (SI Appendix, Fig. S4).
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Fig. 1. Antiproliferative effects and apoptosis induction by independent
CFI-400945 treatments of murine and human lung cancer cells. (A) Dose–
response consequences of CFI-400945 treatment in murine (ED1, LKR13, and
393P) and human (H1299, Hop62, and A549) lung cancer cells. Effects in
murine immortalized pulmonary epithelial cells (C10) and human immor-
talized bronchial epithelial cells (BEAS-2B) are also shown. (B) Percentages of
apoptotic cells after CFI-400945 treatment of murine (ED1, LKR13, and 393P)
and human (H1299, Hop62, and A549) lung cancer cells. Effects on C10 and
BEAS-2B cells are displayed. (C) Comparisons are presented for CFI-400945
treatments in lung cancer cells between vehicle controls, washout (CFI-
400945 washout after 24 h treatment), and CFI-400945 continuously treated
groups. Error bars are SD.
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In Vivo CFI-400945 Treatment Effects. In vivo CFI-400945 effects on
lung cancer growth were examined using a syngeneic murine lung
cancer xenograft model. 393P KRAS mutant murine lung cancer
cells were engineered to stably express luciferase. Cells were s.c.
injected into immunocompetent syngeneic mice, which were
then treated with vehicle or CFI-400945 (3 mg/kg or 7.5 mg/kg)
by oral gavage once daily for 3 wk.
CFI-400945 treatments elicited in vivo antineoplastic effects in a

dose-dependent manner with the greatest suppression of lung tu-
mor growth at the highest treatment dose (7.5 mg/kg) (Fig. 4A).
Some weight loss occurred at the high treatment dosage group
(7.5 mg/kg), but this was clinically well-tolerated in mice (Fig. 4B).
Size and weights of lung tumors excised after treatment were sig-
nificantly (P < 0.01) smaller in the CFI-400945–treated than in the
vehicle-treated groups (Fig. 4C and SI Appendix, Fig. S5). Tumor
burdens were independently monitored using bioluminescent sig-
nals. Representative bioluminescent images of vehicle- versus CFI-
400945–treated mice appear in Fig. 4D. Consistent with the results
from tumor volume measurements (Fig. 4A), the observed increase
in bioluminescence in vehicle-treated mice was inhibited in CFI-
400945–treated mice in a dose-dependent manner (Fig. 4D).
To examine in vivo effects on mitosis, lung tumor xenografts

were stained with phosphohistone H3 10 d after CFI-400945
treatment. Representative immunostained images appear in Fig.
4E. There was no significant change in the overall population of
the phosphohistone H3-positive cells (Fig. 4E). However, per-
centages of aberrant mitosis with multipolar segregation of

chromosomes increased in CFI-400945–treated lung cancers
compared with the vehicle-treated group (Fig. 4E). This con-
firmed and extended in vitro effects of CFI-400945 to the in vivo
setting of treated lung cancers.

PLK4 Expression Profiles in Lung Cancers. PLK4 mRNA expression
profiles in lung cancers were examined using the TCGA database.
PLK4 expression was significantly higher in lung adenocarcinomas
and squamous cell carcinomas compared with adjacent normal
lung tissues (Fig. 5A and SI Appendix, Fig. S6). These TCGA data
established that PLK4 mRNA expression increased in diverse
malignant compared with corresponding normal tissues (SI Ap-
pendix, Fig. S6).
PLK4 mRNA expression was investigated in 235 human lung

cancers using tissue microarrays (142 lung adenocarcinomas and
93 squamous cell lung carcinomas) and by RNA ISH. Specificity
of hybridization was confirmed using the peptidylprolyl isomerase
B (PPIB) probe (as a positive control) and the DapB probe (as a
negative control) (Fig. 5B). Representative images for PLK4-negative
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Fig. 2. Polyploidy in murine and human lung cancer cells after independent
CFI-400945 treatments. (A) Representative histograms are shown of flow
cytometry analysis with PI staining after CFI-400945 treatment of lung cancer
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and PLK4-positive lung adenocarcinomas appear in Fig. 5C.
When comparing lung cancers versus adjacent normal lung
tissues, PLK4 mRNA expression was substantially higher in
lung cancers in agreement with TCGA mRNA data (Fig. 5A).
Intriguingly, PLK4 mRNA expression was associated with un-
favorable overall and progression-free survivals (P < 0.05) as
shown in Fig. 5D. These findings established the translational
relevance of examining PLK4 expression in human lung cancer.
TCGA analysis independently revealed the association between
increased PLK4 expression and unfavorable outcomes in other
cancers (SI Appendix, Fig. S7).

Drug Combinations. CDK2 inhibition was reported to confer
multipolar anaphase catastrophe by inhibiting centrosome clus-
tering (33, 36–38). As shown in Fig. 6A, the generation of su-
pernumerary centrosomes by CFI-400945 and the inhibition of
centrosome clustering by CDK2 inhibition each lead to multi-
polar mitotic defects. Hence, these drugs were hypothesized to

elicit cooperative antineoplastic effects. Given this, it was not
surprising that the combined treatment of CFI-400945 with
seliciclib, a CDK2 inhibitor, caused synergistic effects [combi-
nation index (CI) < 1] on growth of ED1 murine and Hop62
human lung cancer cells (Fig. 6B).

Discussion
This study reports that CFI-400945, a selective and orally active
PLK4 inhibitor, has substantial antineoplastic activities against
both murine and human lung cancers. Its activity was evident
despite expression of the mutant KRAS oncoprotein that presents
a major challenge to the management of lung cancer through
onset of clinical resistance (39, 40). Expression of mutant p53 also
did not affect the response to PLK4 antagonism.
CFI-400945 treatment readily caused supernumerary cen-

trosomes and deregulated mitosis. This led to multipolar
chromosome segregation in lung cancer cells. This triggered
apoptotic death of the affected lung cancers, as was previously
reported in breast cancer cells (28).
The extent of supernumerary centrosomes produced by CFI-

400945 treatment was detected as highest at the 20–50-nM dosage.
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Fig. 4. In vivo antitumorigenic activity of CFI-400945 treatments. (A) Murine
syngeneic 393P lung cancer cell line growth in mice treated with vehicle or CFI-
400945 [3 mg/kg once per day (QD) and 7.5 mg/kg QD] is displayed. Day 0 is
the treatment start date. (B) Mouse body weight changes are shown during
vehicle or CFI-400945 (3 mg/kg QD and 7.5 mg/kg QD) treatments. Error bars
are SD. (C) Comparison of tumor weights after treatments with vehicle or CFI-
400945 (3 mg/kg QD and 7.5 mg/kg QD). Each symbol represents a single
mouse. Bars represent mean value and SDs. (D) Comparison of bioluminescent
signals of syngeneic lung cancers in mice treated with vehicle or CFI-400945
(3 mg/kg QD and 7.5 mg/kg QD). Representative bioluminescent images of
these mice are shown over time in Upper. (E) Analysis of mitotic status by
phosphohistone H3 Ser10 staining in in vivo murine lung cancers after CFI-
400945 treatment. Representative phosphohistone H3 Ser10 immunostaining
images are presented in Left. (Magnification: 40×.) Percentages of phospho-
histone H3-positive cells and cells with aberrant mitosis in murine lung cancers
after vehicle or CFI-400945 (3 mg/kg QD and 7.5 mg/kg QD) treatments appear
in Right. Error bars are SD with *P < 0.05, **P < 0.01.
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Fig. 5. PLK4 expression profiles in human lung cancer cases. (A) Compari-
sons of PLK4 mRNA expression of lung cancers (adenocarcinoma and squa-
mous cell carcinoma) versus adjacent normal lung tissues were explored in
the TCGA database. Each symbol represents a single case. (B) Positive and
negative controls are displayed for RNA ISH assays. Probes targeting PPIB
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(C) Representative images of PLK4 RNA ISH for human lung adenocarcinomas.
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235 human lung cancer cases stratified by the presence or absence of PLK4
mRNA expression. (Magnification: B and C, 40×.)
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This gradually declined at even higher examined concentrations.
This is likely because CFI-400945 exerts dual effects on centro-
some number (28). At low concentrations, CFI-400945 preferen-
tially inhibits autophosphorylation of PLK4 that would cause PLK4
degradation. This stabilization augments PLK4 activity and leads
to centriole overduplication. In contrast, CFI-40945 treatment
at high concentrations inhibits PLK4 phosphorylation fully. The
consequence of this is inhibition of PLK4 activity, and this blocks
centriole duplication (28). As expected, growth inhibition and ap-
optosis induction caused by CFI-400945 treatment of lung cancer
cells peaked at concentrations of 20–50 nM. These effects were not
enhanced at CFI-400945 treatment dosages higher than 50 nM.
The phenotype of multipolar mitosis induced by CFI-400945

treatment is similar to that of anaphase catastrophe that was
previously described (33–38). In those prior studies, it was found
that CDK2 inhibition can antagonize centrosome clustering,
especially in aneuploid lung cancer cells (33, 37, 38). This confers
death of daughter cells after multipolar cell divisions occur (33,
37, 38). The term anaphase catastrophe was chosen to un-
derscore this point (36). Since anaphase catastrophe is caused by
the inhibition of clustering of supernumerary centrosomes that
already exist, it affects preferentially chromosomally unstable
cancer cells with supernumerary centrosomes while relatively
sparing cells with two centrosomes (33, 36, 38). Although the
phenotype is similar to that of anaphase catastrophe, multipolar
mitosis triggered by CFI-400945 treatment differs from that of
CDK2 antagonism. It is caused by the distinct mechanisms de-
scribed here. This is due to de novo generation of supernumerary

centrosomes. This explains why control cells like C10 murine
immortalized pulmonary epithelial cells and BEAS-2B human
immortalized bronchial epithelial cells were still affected by CFI-
400945 treatment. In contrast, these same cells were relatively
spared from antineoplastic effects of anaphase catastrophe
caused by CDK2 inhibition (33, 37, 38).
Cytotoxicity of CFI-400945 was particularly evident in lung

cancer cells compared with immortalized pulmonary epithelial
cells. This provides a basis for the hypothesized therapeutic win-
dow of CFI-400945 treatment in the cancer clinic. When used
in vivo, CFI-400945 substantially reduced lung tumor growth at
well-tolerated doses. The increased PLK4 RNA ISH expression
was found to have an unfavorable outcome in lung cancer cases.
PLK4 mRNA expression was examined using the TCGA data-
base, and a statistically significant increase in PLK4 expression was
found in the malignant compared with the normal lung. Un-
favorable clinical survival was also observed in other cancers that
exhibited elevated PLK4 expression profiles. These independent
analyses confirmed the translational relevance of PLK4 expression
in human lung cancer. The clinical importance of targeting
PLK4 for repression should be explored in the cancer clinic.
Since the PLK4 inhibitor CFI-400945 has a distinct mecha-

nism of antineoplastic action, combination therapies with other
drugs that act on cooperating pathways are worth exploring. For
example, in this study, it was found that combined treatments
with CFI-400945 and seliciclib, a CDK2 inhibitor known to
confer anaphase catastrophe (33), exert both additive and syn-
ergistic effects to reduce lung cancer cell growth. This is not a
surprising consequence since both drugs increase multipolar cell
division and subsequent cell death. However, these agents
transmit their actions through different mechanisms. These in-
clude generation of supernumerary centrosomes (for PLK4 in-
hibition) and inhibition of centrosome clustering (for CDK2
antagonism). Combining these two mechanisms forces affected
cancer cells into multipolar cell division even more readily than
does each agent alone. Combining CFI-400945 treatment with
other classes of drugs that would affect different cooperating
pathways is a promising strategy to consider in future work. One
example of this is to investigate PLK4 inhibition with a taxane
that can target microtubule dynamics and promote death of
chromosomally unstable cancer cells. Combination studies with
immune checkpoint inhibitors are also interesting because after
inducing polyploidy and mitotic defects, CFI-400945 would cause
DNA damage that could increase neoantigens; this is proposed
to augment immune responses against cancer (41). Notably,
TCGA data showed that PLK4 expression in lung cancer is
positively correlated with specific immune checkpoint markers
(SI Appendix, Table S1).
In summary, CFI-400945, an orally active and selective in-

hibitor of PLK4, causes marked antitumorigenic effects against
lung cancers through generation of supernumerary centrosomes.
This causes death of cancer cells by triggering multipolar mitotic
defects. CFI-400945 is now undergoing testing in a phase I
clinical trial. Further clinical investigations of CFI-400945, in-
cluding combination therapies with agents that affect different
cooperating pathways, are warranted in lung and other cancers.

Materials and Methods
Chemicals and Cell Culture. CFI-400945 was synthesized, as reported (29).
Seliciclib was purchased (Selleck Chemical). The hydrochlorate and fumarate
salt forms of CFI-400945 were used in that prior work. Murine lung cancer
cell lines ED1, LKR13, and 393P cells were derived from lung cancers arising
from wild-type cyclin E, KrasLA1/+, and KrasLA1/+/p53R172HΔG engineered mice,
respectively, and were each previously authenticated (42–46). Human lung
cancer cell lines (H1299, A549, and Hop62) as well as murine C10 pulmonary
epithelial and human BEAS-2B immortalized bronchial epithelial cells were
purchased and authenticated by the American Type Culture Collection. Cells
were cultured in RPMI 1640 media with 10% FBS at 37 °C with 5% CO2 in a
humidified incubator, as described (38).
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In Vitro Assays. Proliferation, apoptosis, and washout assays as well as
measurements of cellular DNA contents and centrosome andmitotic analyses
are described in SI Appendix.

In Vivo Experiments. KRAS mutant murine lung cancer 393P cells (46) were
infected with the luciferase lentivirus (Cellomics Technology) and selected with
puromycin. 393P (1 × 106) stable transfectants were injected s.c. into 6–8-wk-old
male immunocompetent 129S2/SVPasCrl mice (Charles River Laboratories). Mice
with palpable tumors were treated with CFI-400945 (7.5 mg/kg or 3 mg/kg)
or vehicle (water) daily for 3 wk by oral gavage following an Institutional
Animal Care and Use-approved protocol (n = 10 mice per group). Body weights
and tumor volumes were measured with tumor volume (V) calculated as V =
(length × width2)/2. Bioluminescence imaging was by D-Luciferin (Gold
Biotechnology) and IVIS Lumina (Xenogen) and Living Imaging software
(Xenogen) under 2% isoflurane. Tumors were excised from killed mice and
weighed. Independent replicate experiments were performed to confirm results.

In Vivo Mitotic Analyses. Lung cancer xenografts were fixed with 10% for-
malin immediately after resection and embedded in paraffin. Paraffin-
embedded cancers were sectioned and probed with phosphor-histone H3
(Ser10) antibody (9701; Cell Signaling Technology) and counterstained with
hematoxylin. Stained cells were analyzed for mitosis using an Eclipse TE 2000-
E microscope (Nikon).

RNA ISH. All lung cancer tissues were evaluated and underwent surgical re-
section at The University of Texas MD Anderson Cancer Center. Informed

consent was obtained from all patients under the protocol approved by the
MD Anderson Institutional Review Boards (LAB07-0233). Detailed experi-
mental methods are described in SI Appendix.

Statistical Analysis. Differences between analyzed groups were assessed by
the Student’s t test or the Mann–Whitney U test. For multiple comparisons,
Tukey’s or Dunnett’s methods were applied. Kaplan–Meier survivals were by
the log-rank test. Statistical analyses were with SPSS Statistics software
(version 23, SPSS) and GraphPad Prism software (version 6; GraphPad Soft-
ware). All statistical tests were two-sided, and a P value of less than 0.05 was
considered significant. Potential additive or synergistic effects of drug
combinations were analyzed by the Chou and Talalay (47) method. The CI
was calculated using Calcusyn software (Biosoft) based on growth-inhibitory
effects of single drugs or of drug combinations (47). CI was used to deter-
mine whether the drug combination had synergistic (CI < 1), additive (CI = 1),
or antagonistic (CI > 1) effects.
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